I -INTRODUCTION
We are entering a new stage in nuclear physics. characterized by the availability of very heavy nuclear projectiles. It is a good time to reflect on the place of the developing field of heavy ion physics in relation to nuclear fission and. more generally. in relation to nuclear physics as a whole.
During the 60 years of its history nuclear physics has had to contend with two limitations and the historic role of heavy ion physics will be to relax them. These limitations have been so pervasive that we have almost stopped being aware of them.
The se limitations are:
1. The restriction of atomic numbers to less than about 100.
2. The almost exclusive restriction of nuclear shapes to those close to a sphere.
The introduction of accelerators for very heavy ions will relax both limitations. First.
it will be possible to study at least transient nuclea·r systems with atomic numbers up to about <*>Supported by the U. S. Atomic Energy Commission. two hundred. Second, the enormous centrifugal forces created in off-center collisions of heavy nuclei will be sufficient to deform a nuclear system away from its customary near-spherical shape into more or les s stretched-out configurations. sometimes resembling even a dumb-bell.
The extension of atomic numbers beyond a hundred may result in the discovery of superheavy elements in the vicinity of Z =: 114. Z r::: 154 -164. and perhaps in some other regions.
The consequences of these anticipated discoveries are already beginning to be .felt in theoretical chemistry and atomic physics. An even more fundamental consequence of the extension of the limit of nuclear systems from atomic numbers near 100 to atomic numbers near 200 has to do with the circumstance that the most intense electric fields occurring anywhere in the universe are to be found in the vicinity of heavy nuclei. 'The increase in atomic number from 100 to 200 increases this highest field only moderately. but it so happens that it is in this range of atomic numbers that an atomic electron becomes highly relativistic and the atomic properties of very heavy nuclei will test the limits of quantum electrodynamics under unusual conditions.
-2 -The advent of very-heavy-ion accelerators will thus have an effect on chemistry, atomic physics and quantum electrodynamics, as well as on nuclear physics itself, to which I will now return.
II -THE MACROSCOPIC APPROACH
To me the distinguishing feature of heavy ion physics is its macroscopic nature. For the first time we will have nuclear reactions where both the target and projectile satisfy well the criterion for a macroscopic approximation, namely A > > 1. A kind of nuclear macro-physics, based . on this approximation as a starting point~ will come into its own. This is to be contrasted with conventional nuclear reaction theory which, historically, has its roots in an idealization where the projectile is a structureless mass point. On the other hand it is the same nuclear macro-physics that is used in the theory of nuclear fission, and this is why nuclear fission may be used as a guide in formulating the frcunework of heavy ion physics. The characteristic feature of a macroscopic approach is that collective rather than single-particle degrees of freedom become con-. venient and relevant. This is saying no more than that if you have tens or hundreds of nucleons you will try to formulate your problem in terms of a few intelligently chosen groupings of the nucleon coordinates rather than of the whole set. This is a great simplification.
A further simplification immediately suggests itself in virtue of the relative thinness of the nuclear surface (the "leptodermous" character of most nuclei). Insofar as a nuclear system has a well-defined surface. that grouping of the nucleon coordinates which corresponds to the nuclear surface is the most relevant set of degrees of freedom. Thus one will try to describe the state of the system in terms of the shape of its sur£ace and the development in time of this shape.
In general many degrees of freedom are needed to specify accurately·the shape of a dividing or fusing nuclear system. There is a rule which suggests that for the fission of a nucleus in.;. to n parts, or in-the simultaneous fusion of n nuclei, about 9n -4 collective degrees of freedom should be adequate for many purposes. (If each fragment is thought of as an approximate ellipsoid, three axes describe its size and shape, three Polynomial expansion of the shape. )
The nuclear shapes described by these degrees of freedom can be displayed in a threedimensional space, of which Fig. 1 --e<,a C @i»
1. An illustration of fission and fusion shapes described by an elongation coordinate aZ and a necking or 'heck-healing coordinate a4' The asymmetry coordinate a3 (which would point into the plane of the paper) is held fixed. The scission lines for binary and ternary divisions are indicated. • ., There will, of course, be a wealth of structure in the resulting potential energy maps, especially in the pock-marks. Let me just point out some of the most primitive features to be expected in the gross structure of the maps.
There are four important features I wish to mention:
1. The equilibration of the neutron-proton ratio.
2. The existence of a critical mass asymmetry.
3. The existence of two misaligned valleys.
4. The effect of angular momentum.
Equilibration of N:Z ratio
The first point is rather trivial and I want to dispose of it quickly. It is that if two nuclei with widely differing N:Z ratios are brought into contact, a re -distribution of neutron and proton densities will take place such that an approximately uniform value of N:Z will obtain throughout the system. There will be slight deviations from uniformity, and slight fluctuations around it, ,but it is a fair approximation to dis regard these at first. Existence of a critical mass asymmetry.
As regards the dependence of the gross potential energy on the asymmetry coordinate Cl'3' the most important thing to bear in mind is that there exists a critical ratio of masses of target and projectile. For mass asymmetries more extreme than the critical (i. e. for a relatively light heavy ion and a heavy target) the target nucleus tends to suck up the projectile. For asymmetries less extreme than the critical {Le. for heavy ions -6-more neariy comparable with the target) the projectile will tend to grow towards equality with the target (see Fig. 2 ). Most heavy ion experiments ..
..
ASV'MMETRY
. when the electrostatic energy is appreciable. the tendency is reversed. except for extreme asymmetries, when the pressure from the surface energy eventually begins to dominate. There is more to this problem than I have indicated, in particular an inadequatelyurtderstood . qualitative· change ne ar Z 2 / Ao:40, but I will now go on to the third item.
Misaligned Valleys
The third important feature of the Nu- These estimates are, however. extremely uncertain because of a crucial missing piece of iziformation--narnely. how large is nuclear viscosity. In other words. how strong is the coupling of the collective degrees of freedom to the single particle degrees of freedom that are not displayed explicitly in a macroscopic treatment. You can probably see at once that too much damping, too much viscosity. will make fusion difficult or impossible. This is because two nuclei like Th and Ge. when brought into contact. do not in general feel a driving force tending to fuse them into a spherical shape. On the contrary. even though the nuclear forces tend to fill in the neck region. the strong electric forces tend to push the bulks of the two nuclei apart and cause re-disintegration. In terms of the Potential energy map in Fig. 3 this means that in the vicinity of point B one is still some 10-15 MeV below the saddle at S and one is on a sloping part of the landscape. with a slope to the right. towards rediSintegration. In order to achieve fusion one would increase the bombarding energy above the contact energy (the coulomb barrier) hoping that this additional collective energy will carry, the system ove r the s addle at S. If the re we re no vis cosity--no conversion.of collective into internal energy--an additional 15 MeV might be enough. But 3 He refer to very large systems. in which the mean free path of the. particle s (or quasi -particle s)
is small compared to the dimensions of the system. What else can we do to fill in the gaps in our understanding of the viscosity problem?
BjJ6'rnholm has r~cently discussed the question of damping in relation to the presence or absence of vibrational levels in heavy nuclei (especially those with a spontaneously fissioning isomeric state).
There will also soon be many heavy-ion experiments which in one way or another will depend on viscosity. and from these we shall gradually unravel the answer. However. there exists already a mass of relevant experimental data in the allied field of fission. which could be used to estimate the nuclear .visco~ity. These data are measurements of fission fragment kinetic energies. especially in their dependence on Z 2 / A. For the heavier. nuclei in particular (i. e., for high Z2 / A) the saddle point shape for fission is cylinder-like. or.even spheroidal. and this means that there is a considerable saddle-to-scission stage for which the dynamics will surely depend on the size of the viscosity. Thus Also shown in Fig. 5 is the hyperbola corresponding to the angular momentum at which the fission barrier has become equal to the binding energy of a neutron (or proton, whichever is lower).
In this general neighborhood the de-excitation mode of a compound nucleus (if one were formed) would change from fission to particle emission and the compound nucleus. having survived the l"isk of fi 5-sion. could be detected as such. There are indications that in some cases (e. g., ZONe + 27 AI) the curve ABC does indeed predict the approximate energy-dependence of the cross section for-the formation and survival of a compound nucleus.
One should, however, remember that, as pOinted' out above, the prediction of the formation of a compound systeln is outside the scope of thecon.-siderations on which Fig. 5 
